Most of the entropy in the universe is in the form of Bekenstein-Hawking (BH) entropy of supermassive black holes. Although time scales are very long, it is believed that black holes will eventually evaporate by emitting Hawking radiation. A pure quantum state collapsing to a black hole will hence eventually re-emerge as a state with positive entropy, which constitutes the famous black hole information paradox. Expanding on a remark by Hawking we posit that BH entropy is a thermodynamic entropy, which must be distinguished from information-theoretic entropy. If BH entropy counts the number of accessible physical states in a quantum black hole the black hole information paradox can then be seen as an instance of the fundamental problem of statistical mechanics, and specifically of the entropy increase in a solvation process. While the entire process of gravitational collapse is unitary, a black hole dissolves the infalling matter into a quantum solvent with a huge entropy. PACS numbers: 04.70.Dy, 03.67.-a
Most of the entropy in the universe is in the form of Bekenstein-Hawking (BH) entropy of supermassive black holes. Although time scales are very long, it is believed that black holes will eventually evaporate by emitting Hawking radiation. A pure quantum state collapsing to a black hole will hence eventually re-emerge as a state with positive entropy, which constitutes the famous black hole information paradox. Expanding on a remark by Hawking we posit that BH entropy is a thermodynamic entropy, which must be distinguished from information-theoretic entropy. If BH entropy counts the number of accessible physical states in a quantum black hole the black hole information paradox can then be seen as an instance of the fundamental problem of statistical mechanics, and specifically of the entropy increase in a solvation process. While the entire process of gravitational collapse is unitary, a black hole dissolves the infalling matter into a quantum solvent with a huge entropy. Black hole information paradox: The black hole information paradox is the following gedankenexperiment. Assume that quantum mechanics is universally valid, that gravitation is switched off, and that a sufficiently large amount of matter can be found in a pure quantum state. If gravitation is switched on this matter will collapse into a black hole, which by unitarity will still be in a pure quantum state. At a later time this state will evolve to the remainder of the black hole and the Hawking radiation escaping to infinity. Taken separately, neither the remainder black hole nor the escaping radiation are pure; the black hole state is supposed to tend to a maximally mixed state on all black hole states with the same mass, and the radiation is assumed to be thermal. Then, when the black hole evaporation reaches its end, there is no black hole left, but only the radiation, which by assumption has positive entropy. Hence a pure state has evolved into a mixed state, which would break the unitary evolution in quantum mechanics [1, 2] . The topic has been reviewed multiple times, recently in [3] and [4] . The basic proposals for resolving the paradox were summarized in [5] as fundamental information loss, remnants, and information return in the Hawking radiation.
In this paper propose a resolution of the first type, but in the framework of open systems. A previous argu-ment in the same direction is the brief presentation in [6] ; our version is more extensive, and incorporates more notions from quantum information theory. Througout we will hence assume that quantum mechanics is universally valid, and that without black holes the gravitational field is not entangled with other degrees of freedom. From this standpoint we show that the black hole information paradox can on the one hand be explained by entanglement between the gravitational field and other degrees of freedom during the collapse process, and on the other it can be seen an instance of the fundamental problem of statistical mechanics, albeit for an exotic process with unknown constituents.
In ordinary room-temperature physics a low-entropy crystalline solid (solute) dissolves into a high-entropy liquid (solvent), in the process called solvation. We propose that the massive increase in the entropy during the gravitational collapse is a physical process analogous to solvation, where the singularity dissolves the degrees of freedom of the gravitational field. Throughout we will use unit of temperature such that Boltzmann's constant k B is equal to one; other constants are written out explicitly. , where A is the surface area and l P = G c 3 is the Planck length (1.6 · 10 −35 m). The Schwarzschild radius of such a black hole is determined by its mass, R = 2GM c 2 . BH entropy is therefore also
, where m P = c G is the Planck mass (2 · 10 −8 kg). The entropy of a black hole per unit mass hence increases faster with the mass than any matter or light which could have formed the black hole [7] . For example, for a (non-relativistic) ideal gas we would have S ∼ M log M , while a photon gas S ∼ M 3 2 [4, 8] . Supermassive black holes have been estimated to contain most of the entropy of the current universe; the fraction not inside a super massive black hole being as small as one part in 10 7 cf. Table 1 in [9] .
Entanglement in black hole formation: Consider an astrophysical black hole formed from some part of the universe which was in a mixed state as far back as we can know. Before the collapse it can hence be represented as a part of a larger pure state
where U stands for "universe", S stands for "system" (or "star") and A stands for the rest of the universe that here plays the role of "ancilla". The entropy of S is the same as the entropy of A, and it measures the entanglement between S and A. After the formation of the black hole one would usually expect to obtain the state
where A stands for the rest of the universe outside the black hole, and where the entropy of the black hole (BH) is much larger than the entropy of S. The gravitational collapse is essentially a local phenomenon, which starts when a (sufficiently massive) star losses its thermal equilibrium. Hence, the "universe" here means some neighbourghood of the initial star, the size of which is limited by the finiteness of signals' propagation. It is a fundamental result of quantum information theory that entanglement cannot increase under local operations and classical communication (LOCC) [10] . For the entropy of the system to increase massively, the quantum matter forming the black hole would have to massively interact with the rest of the universe during the collapse process, and it cannot do so with the surrounding ordinary matter and light through accretion disks, radiation etc since all these would bring in less entropy. In other words, the von Neumann entropy of the black hole, i.e.
S(ρ
where the coefficients |b i | 2 come from the partial trace of |Ψ (1) U in (2), should not be very much larger than than the von Neumann entropy of the partial trace of |Ψ (0) U in (1) . Since in fact BH entropy is much greater than the entropy of the collection of the initial constituents, we must assume that this local unitary addresses not only the constituents themselves but also some additional local parts carrying new extra degrees of freedom. Though theoretical models here greatly outweigh facts, it appears reasonable to assume that these unknown parts are related to the quantumness of the gravitational field, cf. [11] . Consequently, we should extend the initial quantum description (1) to encompass the quantum degrees of freedom of the gravitational field. We assume that initially the gravitational field is not appreciably entangled with the other degrees of freedom. By linearity of quantum mechanics it then suffices to consider the case when the gravitational field is pure. Hence, instead of (1) the full initial quantum state before the collapse is
where GF stands for the gravitational field. Now, the local unitary evolution introduced above does not, by assumption, change the entropy of the outside part of the universe A . On the other hand, it can contribute to the massive entropy increase in black hole by an interaction that leads to the final state of the entangled entanglement [12] form:
The internal BH+GF entanglement, conditioned at least upon some of the states of the rest of the Universe A , can then be much greater than the one between the joint system BH + GF and rest of the Universe A . For an illustration, see Fig. 1 .
Black hole information paradox as an instance of the foundational problem of statistical mechanics: If BH entropy satisfies Boltzmann's formula (S = log N ) the formation of a black hole makes accessible to the universe a number N ∼ e 4π M 2 m 2 P of states which were previously inaccessible. In the language of quantum information S BH would be the log of the dimension of the subspace of Hilbert space needed to describe the interior of a black hole. General arguments have been advanced against this so-called strong interpretation of BH entropy, cf. [13] . We show here that these arguments need to be sharpened by distinguishing between entropy in the thermodynamic and the information-theoretic sense. In the first case, following [6] , BH entropy is assumed to be the log of the number of quantum states of the black hole with the same mass. In the second case, as discussed above around formulas (1) and (2), BH entropy is the von Neumann entropy measuring entanglement. The perceived problem is that the first can be much larger than the GF . 1: The suggested picture of the process of black hole formation involving entanglement with the quantum degrees of freedom of the gravitational field, initially assumed to be in a pure state |Φ (0) GF (see text). Both the system S, i.e. the constituents that are to collapse, as well as the rest of the universe A have small initial von Neumann entropies S(ρS) = S(ρA) = − i |ai| 2 log |ai| 2 . Since the gravitational collapse is local it can be seen as a result of a local unitary U that leads to interaction of the system of constituents, gravitational field and some limited part of the universe. The final state representing entangled entanglement results in the black hole's entropy
, with bi defined by formula (3), much higher that the initial entropy of the constituents S(ρA). This is precisely the effect of interaction with the gravitational field which was initially not entangled with the other degrees of freedom.
second. This can, however, be more prosaically seen as a reformulation, in an esoteric setting, of the foundational problem of statistical mechanics as posed by Thompson, Maxwell and Boltzmann [14] . An ensemble of classical deterministic systems will, if the dynamics can be followed exactly, preserve Shannon entropy (von Neumann entropy in the quantum case), but will nevertheless after a relaxation behave as if in thermal equilibrium, in an ensemble with the thermodynamic entropy. As argued by Khinchin [15, 16] the systems under consideration in statistical mechanics have very high dimensionality, and the kinds of observations that can be made on them are simple. Both these properties hold for black holes: the dimensionality is extremely high, and the observations (or undisputed theoretical predictions) that can be made are quite limited.
Indeed, an observer independent from the system can effectively be coupled only to a few (collective) degrees of freedom. In order to observe that the actual von Neumann entropy of the system in question is small one would have to couple to (almost) all degrees of freedom and then unentangle them (i.e. effectively diagonalise the system's density matrix) -either via tomography and subsequent extensive (classical) post-processing, or physically -by accumulating the small von Neumann entropy on a small part of the degrees of freedom, leaving the others pure. The latter process is a generalised ver-sion, involving memory effects, of the standard concept of algorithmic cooling [17] . Hence, the observer would become an analogue of Maxwell's daemon who resets the temperature to much a lower value, corresponding to the von Neumann entropy [18] .
Quantum vs classical gravity:
Our conclusion is that the information contained in the infalling matter is not lost, but remains in the quantum degrees of freedom of the gravitational field which was initially not entangled with the matter. At the same time those quantum degrees of freedom must be very thoroughly mixed with those of the matter which fell into the black hole earlier. This suggests that it is indeed possible for the quantum black hole to have a very large thermodynamic entropy, much larger than the entanglement entropy (von Neumann entropy) of all the parts from which it formed.
The picture is analogous to the process of solvation: The black hole dissolves the solute -the infalling matter along with the corresponding gravitational field, which have relatively low entropy. The resulting solution will, on the other hand, have a relatively huge entropy. The very large increase in the entropy suggests that solubility is very large -the solute is practically infinitely soluble in the solvent.
We should confront the present analysis with the fact that gravitational field, say that of the Earth, acts on the particles unitarily via an external potential. An analogous issue occurs in quantum optics: We know that whereas strong laser fields are fundamentally of quantum nature, they act on test quantum particles as effectively classical fields, via a time-dependent Hamiltonian. The fundamental difference is that the gravitational field, which affects the quantum particles in a classical way is not strong at all. One could claim that big masses emit a large number of gravitons, corresponding to the quantum degrees of freedom of the field, which decohere on the way to the object. If there is a sufficiently large number of them (eg. macroscopic objects) the internal nature of quantum gravitational field would lead to the emission of non-virtual long-living quanta, which could travel for long distances.
A related issue is the expectation [19, 20] that small particles may entangle with each other via gravitational field (cf. [21] [22] [23] [24] ). In this case, the gravitons are likely to be virtual. They do not exist independently and, as such, they do not contribute to the entropy, while the interaction they cause is unitary. The physics near the black hole singularity is quite different. The huge mass concentration activates the genuine, "non-virtual", quantum degrees of freedom of the gravitational field.
In summary, we believe that the presented analysis offers a compelling explanation of the black hole information paradox and sheds a new light on the problem of quantum gravity.
